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ABSTRACT

The vol canically active Jovian satellite 1o has a tenuous SO, atnosphere.

The color of SO, is markedly different than the color of lo as a whole in the 0.4
to 0.6 gm region. W have exploited this fact to search Voyager 2 images for the
condensation of SO,frost on its nightside. Measurenments of the color of the
dayside of Io, and the sane geographical region at night. (illum nated by
Jupiter’s light), indicate that the night hemisphere is significantly bluer. The
nost |ikely explanation for this difference is that SO, frost. condenses on the
surface during the night, and sublimates during the day. This is the first
direct evidence for condensation of SO,frost on the nightside of Ilo.



The existence of l0’s tenuous SO, atnosphere, and the evidence relating to
that existence, have provided controversy in the field of planetary sciences for
at least 20years. In this paper we search for the condensation of that
at nrosphere on the night (Jupiter-illum nated) side of Io by observing color
changes on Voyager 2 inages. W find that the nightside of 1o is consistently
bl uer than the sane regi ons viewed under solar illumnnation. The nost |ikely
explanation for this color change is the condensation of SO0,frost. Thi s
neasurenent is the first observational evidence for such condensation.

The first detection of atnospheric SO, by the Voyager IR'S instrunent

i ndicated an atnosphere in vapor-pressure equilibriumwith the surface (I).

Later detections of SO, atmospheric absorption bands in the ultraviolet by the
Hubble Space Tel escope (2) and in the mllineter region (3) were consistent with
a collisionally dense atnobsphere covering a fraction of the surface (8% in the
first study and 5-20% in the latter). G ven the variation of 4 orders of
magni tude in SO0,vapor pressure over Io’'s sunlit side (4) , and the non-uniform
distribution of SO,frost (5), an irregular atnosphere is reasonable.

Standard vapor pressure nodels for SO, predict a drop of nore thanl10orders
of magni tude between the day and night sides of 10 as the tenperature drops from
130 K at the subsolar point to <70 K before dawn (2,4) . Any SO, at nospher e
shoul d thus rapidly condense as the sun sets, With a nominal pressure of 10 nbar
(3) a condensed atnosphere would provide a |ayer of condensed material about a
mcron thick, or about 10%-10°nol ecules, easily detectable in the optical region
of the spectrum A recent |aboratory study (6) shows that under Ionian
conditions, SO, would survive for only 0.15 seconds at noon, but at dawn
tenperatures it should persist for 40 years. Finally, theoretical work on the
dynam cs of |o’s atnosphere (7,8) denonstrate the plausibility of successive
condensation and sublimation of |0 s atmosphere on a diurnal tinme scale. All
these pieces of evidence point to the condensation of |1d stenuous SO,atnosphere
on the nightside, a phenonenon which should be detectable.

The relative distances of Jupiter and Earth from the sun constrain the
maxi mum sol ar phase angle (the angle between the sun, the observer, and the
target body) to be less than 12°: only a small sliver of Io’s nightside is ever
visible fromthe Earth, and it is not possible to obtain reliable photonetric
neasurenents on this small area which is poorly it by Jupiter-shine. Anot her
opportunity exists to briefly observe the surface of Io cooled by dimnished
sunlight. Io enters the shadow of Jupiter for about an hour and a half when it
is eclipsed by that body. Some early observers reported post eclipse
bri ghtening, which they attributed to atnospheric condensation onto the col der
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eclipsed surface (e.g. , 9-13). Mdst evidence now seens to favor the absence of
any condensations, at least for the mpjority of eclipses (14-16).

The only opportunity to observe the nightside of Io is with a spacecraft
encounter . A series of inmages obtained during the Jupiter encounter by the
Voyager 2 spacecraft over a two hour period as the solar phase angle changed from
©100° to 150° provide an ideal sequence for studying the possibility that SO,
frost condenses on the nightside of Io. The night regions were illum nated by
Jupiter’s reflected light., so it is possible to obtain photometric neasurenents
of these areas, which were also observed under daylight by the Voyager 2
spacecraft. Because 10’s nighttine lasts nuch |onger than an eclipse by Jupiter
does (21 hours, as conpared to 2 hours), if the atnobsphere of Io ever
condenses out, this is where it will be seen. Al though some early workers found
evidence for |ocalized enhancenments of albedo on the nightside of Io (17,18), a
conpr ehensi ve study (19) of such changes on the night hemi sphere of Io failed to
find any.

In this study we seek for the first tinme color, or spectral changes, rather
than albedo changes between the day and nightsides of Io. The condensation on
the nightside of SO,will |eave a markedly bluer spectrumthan that of a sunlit
Io. This technique is capable of detecting global condensation of frost as well
as the localized condensations that can be detected with albedoc changes

Figure 1 shows a spectrum of both Io and SO, frost. The frost has a
consi derably different spectrum than Io as a whole below ‘0.55 ym. Superinposed
on the spectra are the positions of the four Voyager filters that nost
effectively nmeasure color differences between a sunlit surface of Io and an
unillumnated (i .e., Jupiter- illuminated hemisphere covered with SO,frost.) The
green (0.565 pm) and orange (0.59 um) filters neasure the “continuuni of the

spectra, where they are nearly identical. The violet filter (0.42 pum) neasures
the spectra well into absorption band of lo's integral spectrum where SO,frost
is still very bright, while the blue filter (0.485 um) is on the edge of the

absorption band. Col or neasured by the ratio of pairs of these filters (except
for green and orange) is a sensitive indicator of spectral changes that could
signify the deposition of frost on Io’'s nightside. Table 1 quantifies the
magni t ude of the expected changes for specific color ratios; these quantities are
best - case anal yses for which the nightside of Io is coveredby an optically thick
l'ayer of SO, frost while the dayside is represented by lo's integral spectrum

A conparison of these color ratios for the dark hem sphere of Jupiter,
conpared with the sanme region under solar illumnation, is clearly a powerfu
technique for detecting the condensation of SO, frost on the nightside of To.
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An additional correction nust be made to account for the difference in the color
of the solar spectrum and a redder Jupiter, which is illunminating the dark
hem sphere of lo. ‘lI'his correction, which was calculated from the solar spectrum
(20) and the Jovian spectrum (21) is listed in Table 1; it. is a fairly mnor one
conpared to the magnitude of the change illustrated in Figure 1

During the Voyager 2 encounter with lo 13 color sequences of the dark
(Jupiter-illumnated) side of lo were obtained (Table 2). The identical regions
were also imged by the sane spacecraft and filters under solar illumination
this sequence is the first one listed in Table 2. Color-ratio maps of the night,
Jupiter-illum nated side of Io and the equival ent region under solar illunnation
were produced with the following steps (Each step for one of the ratios is
illustrated in Figures 2 and 3):

1.. Al images were recalibrated according to the latest files avail able at
JPL's Multimission | nage Processing Subsystem (M PS). Particular attention was
paid to the subtraction of dark current. W developed a technique to nodel the
dark current of individual picture elements (pixels), rather than subtract a
single nunmber for an entire image. Values of the dark current in the region of
lo's disk were conputed by perfornming a bilinear interpolation to the values in
an annulus surrounding Io.

2. For the nightside regions, images covering the same geographic region
were co-added, to increase the signal-to-noise. The addition of these inmges
presents a trade-off between increasing the signal and preserving the clarity of
the image, since the spacecraft is moving and coregistration of surface features
beconmes problematical as time progresses. As a conprom se, we constructed two
sets of npsaics, One covers the second through fifth sequences listed in Table
2, which we call the |ow phase angle imges, and the other covers the last 9
sequences , which we call the high phase angle imges. The steps involved in
processing the first group of images is illustrated in Figure 2 for the violet
to blue color ratios, while the processing for the second group of images is
shown in Figure 3.

3. inmages were mosaiced and projected into Mercator coordinates (see Figure
2and 3,top two cells)

4. Maps of color ratios were obtained for the nightside and its equival ent
regi on under sunlight for the following pairs of color maps: violet/blue
violet/orange , and violet/green. The two resulting maps are shown for the
violet/blue filter in Figure 2, third cell (low phase angle observations) and 3



third cell (high phase angle observations). For the nightside map, a portion of
lo's disk illumnated by sunlight still appears.

5. Nightside to dayside ratios of each color nap were obtained (Figures 2
and 3 bottom.

If no spectral changes on the nightside occur, the final color ratios of the
ni ghtsi de to dayside should all be unity, after corrections for the spectra

di fferences between the sun and Jupiter. ‘J'his is clearly not the case
illustrated in the final maps at the bottom of Figures 2 and 3. At the
termnator, there is a marked increase in the violet to blue color ratio,

signifying that the nightside of 10 is significantly bluer than the dayside, The
techni que we describe is insensitive to color calibration factors for the Voyager
canera, because in the final step, these factors cancel out.

Figure 4 illustrates this effect for the other color ratios, for both the
series of inmages obtained at | ow phase angle and high phase angle. Table 1 lists
the increase in the color ratio between the day and night hemi spheres, after
spectral corrections for the sun and Jupiter. These numbers were conputed from
a line of pixels extracted along the equator; Figure 5 illustrates two typica
scans, for both | ow and high phase angle maps. For all cases, the nightside is
significantly bluer than the dayside, and the amount of this spectral change,
measured from Voyager images, is conparable to that expected if S0,frost covered
t he ni ght si de. Figures 2, 3 and 4 also show that there is a tendency for the
color ratio to increase at the nightside poles of lo. Enhanced deposition of SO,
frost is expected at the poles not only because the surface is colder there, but
because there is less S0, frost at the poles on the dayside (5).

The nost plausi bl e explanation for the change in color on the nightside of
lo is the deposition of 50, frost there. Anot her possibility is the nigration
of the electronic absorption band of pure cyclooctal sulfur towards the blue end

of the spectrum as the tenmperature drops (22). But studies in a w de range of
fields have dermpnstrated that pure S; alnpbst certainly does not exist on lo's
surface |, First, there is the geol ogical evidence. The existence of silicates

is inplied by the high bulk density of Io (3.55 gm/cc). The size and persistence
of geologic features on Io requires a tensile strength greater than that
exhibited by pure S,: siliceous components admi xed with the sulfur probably
provide this strength (23). High-tenperature volcanic events (24) also point to
significant anmounts of silicates or other contaminants. Second, possible changes
in the observed absorption band of 10's surface have been sought as a function
of solar insolation angle (i.e., tenperature), and none were found (22).
Finally, processes such as sputtering by Jovian magnetospheric particles,
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bombardnent by ultraviol et photons, and vacuum weathering have been shown to |ead
to the efficient destruction of S, (25-27).

‘1" he condensation of the S0, frost is global (which is why they were not
detected in the albedo maps (19)) and fairly rapid, in accordance with
| aboratory studies (6). Sone regions, such as the S0,-producing vol cano Masubi
| ocated at (-45° latitude, 50° longitude) in the high phase angle image, clearly
exhi bit an enhanced anmpunt of condensation at night.
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Table 1 - Predicted and neasured color changes for the dark side of lo

Violet/Blue Vi ol et/ Green Vi ol et/ Orange
Predi ct ed 2.0+ 0.2 27 « 03 2.7 + 0.3
Low phase angle 2.81i 0.5 2.9 1 0.4 2.9+ 0.4
H gh phase angle 2.0 : 0.2 2.1 1+ 0.3 2.11i 0.3
Correction for 1.06 1.24 1.33

Jovi an spectrum




Table 2 - Voyager 2 inmges used in this study

Sequence FDS# start Filters* Lat(®) Long(") Range (10° km) Phase angle(”)

2059213 A 3 21-22 3.0 8.4-8.5
2065944 A -6 10 1.1 102-103
2066000 A -6 10 1,1 103-104
2066109 B 6 8 1.1 109- 110
2066133 B 6 8 1.1 111-113
2066458 B 6 17-19 1.1 129- 132
2066545 B -6 19- 20 1,2 133-134
2066609 B 6 20 1,2 134-136
2066633 B -6 21 1.2 136- 138
2066657 B 6 21-22 1.2 138- 140
2066721 B 6 22-23 1.2 140- 142
2066745 B 6 23-24 1.2 142-144
2066809 B 5 24-26 1.2 144- 147
2066857 B, no green -5 26 1.2 147-148

“A consists of the following filters with effective wavel engths and bandwi dt hs
(FWHM) in pgm: violet (0.42, 0.05), blue (0.485, 0.09), greenl (0.565, 0.07), and
orange (0.59, 0.044). B consists of all Afilters, plus the green2 filter, which

is identical in specifications to the greenl filter.

10




Figure 1. Spectra of SO0, frost and disk-integrated lo conpared with the
pl acenent of the Voyager 2 violet, green and orange filters. Data for SO, frost
are from Nash et al. (28),and the data for Io are from Simonelli and Veverka

(29).

Figure 2. A step-by-step illustration of tile processing involved in the
conpari son of the dayside and nightside color of Io. The top cell shows a blue
nosaic of the nightside (right), and the equivalent region under solar
illumnation (left). For the nightside inmage the term nator appears at a
 ongi tude of about 20°. The second cell shows the blue map for the same regions.
The third cell shows the violet-to-blue color map for the dayside (left) and the
ni ghtside (right). The bottom cell shows a ratio of these two maps to obtain a
conparison of the color of day and night. The nightside is clearly bluer than
the sane regi on under solar illum nation (the effect is enhanced by ‘6% if one
accounts for the differences in the solar and Jovian spectra). Figure 4 gives

a quantitative measure Of the increase

Figure 3. Same as figure 2, except for the high phase angle sequences.

Figure 4. Final color ratio maps for the other filters, including inmages
obtai ned at high phase angle and |ow phase angle.

Figure 5. An equatorial scan across the evening ternminator of the final nap
in figure 2 and for the violet/orange color of the night and daysi des at high
phase angle, No corrections for the differences in solar and Jovian spectra have
been nade; Table 1 lists them Errors are listed in Table 1. (For clarity the
top scan has been noved up two units).
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